This study determined the effect of training on body composition, dietary intake, and iron status of eumenorrheic female collegiate swimmers (n = 18) and divers (n = 6) preseason and after 16 wk of training. Athletes trained on dryland (resistance, strength, flexibility) 3 d/wk, 1.5 h/d and in-water 6 d/wk, nine, 2-h sessions per week (6400 to 10,000 kJ/d). Body-mass index (kg/m 2 ; P = 0.05), waist and hip circumferences (P ≤ 0.0001), whole body fat mass (P = 0.0002), and percentage body fat (P ≤ 0.0001) decreased, whereas lean mass increased (P = 0.028). Using dual-energy X-ray absorptiometry, we found no change in regional lean mass, but fat decreased at the waist (P = 0.0002), hip (P = 0.0002), and thigh (P = 0.002). Energy intake (10,061 ± 3617 kJ/d) did not change, but dietary quality improved with training, as reflected by increased intakes of fiber (P = 0.036), iron (P = 0.015), vitamin C (P = 0.029), vitamin B-6 (P = 0.032), and fruit (P = 0.003). Iron status improved as reflected by slight increases in hemoglobin (P = 0.046) and hematocrit (P = 0.014) and decreases in serum transferrin receptor (P ≤ 0.0001). Studies are needed to further evaluate body composition and iron status in relation to dietary intake in female swimmers.
Numerous studies have shown that body composition, dietary intake, and iron status play a role in physical performance. Several studies have shown a decrease in body fat and an increase in lean body mass (LBM) in female swimmers with training (4, 22, 23, 34, 39) . In contrast, various studies have shown that there were no significant body composition changes with training intervals less than 25 wk (3, 18, 19) . Although a few studies have examined regional fat distribution using skinfold thickness (2, 24) , dual energy X-ray absorptiometry (DXA) has not been used to assess change in regional fat distribution or regional lean distribution in swimmers undergoing intense training. In this study, we used DXA to assess whole body composition as well as regional fat distribution and regional lean distribution changes in female collegiate swimmers and divers from preseason to late season.
It is well known that nutrition plays a key role in attaining peak physical performance. Several researchers have reviewed the dietary intake of swimmers (13, 32) and studies indicate that energy intake is less than their estimated energy requirement (36, 38) . Previous studies of university female students have shown sufficient energy intakes (35) , but lower than recommended intakes of calcium (14) , dairy products, fruits, and vegetables based on the Food Guide Pyramid (30) .
Iron plays an important role in exercise, as it is required for the formation of hemoglobin (Hb) and myoglobin, oxygen binding proteins. Athletes may suffer from different degrees of iron deficiency, resulting in a variety of symptoms that may range from undetectable to severe fatigue. The distinction between iron deficiency and iron deficiency anemia is that the former relates to depleted iron stores, whereas the latter not only includes depleted stores, but also progression to low hemoglobin concentration. It is well known that iron deficiency anemia has a negative impact upon performance (15) , but it is also recognized that iron deficiency without anemia may also have adverse effects on performance (7, 16) . Compromised iron status, exhibited by a decline in Hb, hematocrit (Hct), and serum ferritin during a training season, has been shown in some (6, 21) but not all (5) swimmers. Although some studies conclude that iron deficiency does not impair performance (12, 20, 27) , some studies indicate otherwise (16, 29, 40) . The discrepancy between whether impaired performance is due to iron deficiency or iron deficiency anemia may be that various studies did not distinguish between these conditions. Thus, distinguishing between iron deficiency and iron deficiency anemia is important in athletes when assessing performance. Interestingly, iron status and performance have not consistently been shown in swimmers to be affected by dietary or supplemental iron intake, whereas training caused significant fluctuations in iron status (37) . Similarly, Hb, mean corpuscular volume, mean corpuscular Hb, and mean corpuscular Hb concentration increased significantly during training in competitive swimmers (26) . However, the sensitivity of Hb to detect nutritional anemia is poor. The use of serum transferrin receptor (TfR) to measure tissue iron availability is a useful tool because, like serum ferritin, it not only identifies iron deficiency, but it measures the severity of iron deficiency (1). This study examined the effect of physical training on body composition, dietary intake, and iron status of female collegiate swimmers and divers. We hypothesized that physical training for 16 wk (preseason to late season) in female collegiate swimmers and divers will decrease body fat, increase energy intake, and decrease iron stores.
Methods

Subjects
The subjects included 24 healthy, female, eumenorrheic Iowa State University swimmers (n = 18) and divers (n = 6). They participated in a 16-wk training period from early October to early February. The training consisted of dryland and in-water training. Dryland training included resistance, strength, and flexibility exercises for 1.5 h/d, 3 d/wk. In-water training occurred 6 d/wk for nine, 2-h sessions per week. Distances covered were 6400 to 10,000 meters per day. The subjects were responsible for their own meals either in the dormitory or off campus. At the time the study was initiated, a substantial portion (> 50%) of the swim team was taking their own supplements and they did not want to discontinue supplement use. Thus, we provided each of the subjects with a multivitamin/mineral supplement (Sentury-Vit, Spring Valley; manufactured by Leiner Health Products, Inc., Carson, CA; Table 1 ) containing 18 mg of iron and instructed them to take one per day to reduce variability and ensure that their supplement intakes were similar. Since the objective of the study was not to determine the effect of supplementation on our stated outcomes of interest and we did not have an appropriate non-supplemented group of swimmers as controls, we did not include a non-supplemented group. Each subject obtained information regarding the study, asked questions, and written informed consent was obtained. The Human Subjects Review Board at Iowa State University approved this study. . Waist and hip circumferences were measured to the nearest 0.1 cm with a non-elastic tape measure. The waist circumference was measured at the narrowest portion of the waist between the rib cage and the umbilicus. The hip circumference was measured at the maximum girth around the hips and buttocks. The waist-to-hip ratio was determined by dividing the waist circumference by the hip circumference.
Changes from preseason to late season in whole body composition and regional lean and fat distribution were assessed using DXA (model QDR 2000+; Hologic, Inc; Waltham, MA) and analyzed using Hologic software for soft (version 7.10) and hard (version 5.54A) tissue. In our laboratory, precision error (percent coefficient of variation, CV) using the DXA for total body lean mass and fat mass is < 2%, whereas for bone mineral density is < 1%. The same two trained researchers performed the whole body scans and analyzed them according to the manufacturer's operator's manual (1992) . A single trained research assistant analyzed regional fat and lean tissue, using the DXA regional analysis protocol developed by Farrell-Lee (11) and modified. We used DXA software designed to assess centrally deposited fat and lean tissue using the whole body DXA scan (Figure 1 ), whereby the mid-region is subdivided into three regions (waist, hip, thigh) based on bony landmarks (25) . The waist region extended superiorly from the superior edge of the second lumbar intravertebral disk to the most lateral edge of the anterior superior iliac crests. The hip region extended superiorly from the most lateral edge of the anterior superior iliac crests to the most inferior edge of the ischial tuberosities. The thigh region extended superiorly from the most inferior edge of the ischial tuberosities to the approximate midpoint between the ischial tuberosities and the inferior margins of the medial femoral condyles. The lateral edges of each region were extended distally to encompass all tissue. The estimated fat and lean mass of each area were automatically calculated from the DXA data.
Blood samples at baseline and late season for 23 subjects (one swimmer refused to have her blood drawn) were analyzed for various biochemical indices (serum iron, total iron binding capacity [TIBC] , transferrin saturation, ferritin, TfR, Hb, Hct). Serum ferritin and TfR were analyzed in serum frozen at -80 o C using enzymelinked immunoassay (ELIZA) kits (RAMCO Laboratories, Houston, TX). Body iron was calculated using the ratio of TfR/ferritin as follows: body iron (mg/kg) = -[log (TfR/ferritin) -2.8229] / 0.1207 (8) . In our laboratory, the intra-assay CV for ferritin varied from 3.6 to 10.8%; the transferrin receptor intra-assay CV varied from 6.1 to 6.9%. The Hb concentration was determined in whole blood for 22 subjects immediately after the blood samples were drawn using the HemoCue system (HemoCue, Inc., Mission Viejo, CA). Quest Diagnostics (St. Louis, MO), a certified clinical laboratory, performed serum analysis of indices other than Hb, Hct, ferritin, and TfR.
At baseline, a registered dietitian administered a health and medical history and a nutrition history. The questionnaires provided information on personal and family medical history, menstrual history, chronic or acute conditions or diseases, use of prescription and nonprescription drugs, eating habits, history of eating disorders, and use of supplements (vitamins, minerals, herbals). The information was gathered and analyzed to provide a basis for nutrition counseling. The athletes were required to discontinue their own supplement use and instead provided multivitamin/mineral supplements containing 18 mg of iron and instructed to take one per day to reduce individual variability. The subjects were instructed to complete 3-d food records at baseline and late season. Two-dimensional food portion visual aids (Nutrition Consulting Enterprises, Morgan/Posner, 1981; Framingham, MA) were provided to assist subjects in quantifying portion sizes. The food records were analyzed using the Nutritionist V computerized nutrient database program (version 1.5, 1998; First Databank, Inc., San Bruno, CA). The swimmers performed a standardized training set periodically throughout the season. The two main indicators of performance we used to correlate with iron status were swim time and stroke length. Each subject performed six 45.7-m swims (with a 1-min interval) using their specialty stroke in a 22.9-m indoor swimming pool as fast as possible. Mean velocity (m/s) and stroke rate (cycles/min) values were measured and mean stroke length (m/cycle) values were calculated. We examined change (absolute and percentage) in swim time and stroke length in relation to change (absolute and percentage) in serum ferritin and transferrin receptor concentrations.
Throughout the training season, the same registered dietitian met with the swimmers and divers individually and as a group to provide nutrition counseling and education. The female athletes were educated on their estimated energy requirements, individualized meal plans highlighting deficiencies and excesses, use of the food guide pyramid, an adequate training diet, and the need for sufficient fluid, calcium, and iron.
Statistical Analyses
Statistical analyses were performed with SAS (version 8.0; 20); results were considered statistically significant at P ≤ 0.05. All data were tested to determine whether they were normally distributed. The descriptive statistics includes means for normally distributed data (age, body size and composition, most dietary variables, Hb, Hct, transferrin saturation, serum iron, TIBC, serum TfR, body iron) and medians for data not normally distributed (dietary fat, alcohol, exchanges; and serum ferritin). For normally distributed data, nondirectional paired t-tests were used to detect differences in body size, body composition, dietary intake, and iron indices from preseason to late season. Because some of the dietary intake and serum ferritin data were not normally distributed, Wilcoxon rank-sum one-way analysis was used on the distributions to detect differences between preseason and postseason. To determine the relationship between performance (swim time and stroke length) and iron status (serum ferritin and transferrin receptor), Pearson correlation analysis was used to determine the association between the change in performance and change in iron status. We examined all data for outliers, but because we did not find any, all data points have been retained.
Results
Subjects, Body Size, and Overall Body Composition
Age, history of amenorrhea, oral contraceptive use, and anthropometric data of the subjects are presented in Table 2 . The female collegiate swimmers and divers ranged in age from 18 to 21 y. None of the athletes were smokers and all reported good-to-excellent health. The athletes all indicated that their menstrual cycles changed minimally during training, with an average of 12 menstrual cycles per year and an average of 31 d between cycles at preseason. The swimmers and divers were combined into one group since they were not significantly different in the outcomes of interest, with the exception of the waist-to-hip ratio (data not shown). c Lean mass, fat mass, percentage body fat, and regional fat distribution were determined using dualenergy X-ray absorptiometry (DXA). One subject was removed from the regional analysis (n = 23) due to technical difficulties.
Swimmers had a lower waist-to-hip ratio than divers. Several body composition variables changed significantly over the 16-wk training period. BMI (P = 0.0499), waist circumference (P ≤ 0.0001), hip circumference (P ≤ 0.0001), fat mass (P = 0.0002), and percentage body fat (P ≤ 0.0001) decreased, whereas overall LBM (P = 0.028) increased. Although there were significant changes in fat and lean mass, total body mass did not change significantly throughout the season.
Regional Fat and Lean Distribution
Swimmers and divers were not significantly different from each other at most regional fat and lean distribution sites. However, divers had a higher thigh lean mass than swimmers (P = 0.03). The means for regional fat and lean distribution in swimmers and divers combined are also reported in Table 2 . A significant decrease in fat mass at the waist (P = 0.0002), hip (P = 0.0002), and thigh (P = 0.002) was documented after 16 wk of training. No significant change in regional lean distribution with training was observed.
Nutrient and Dietary Intake
The subjects consumed an average of three meals and one snack per day. Twelve of the subjects lived on campus and used Iowa State University for their food service, and twelve lived off-campus. One subject reported being a lacto-ovo vegetarian. Dietary intake of macronutrients, selected micronutrients, caffeine, and food group exchanges are reported in Table 3 . Energy intake was reported at preseason to average 10,061 ± 3617 kJ/d, with a macronutrient composition of 62% carbohydrate, 13% protein, and 24% fat. Mean energy intake was reported at late season, although not significantly different, as 9864 ± 3215 kJ/d, with a macronutrient composition of 65% carbohydrate, 14% protein, and 23% fat. The food group exchanges exhibited a shift in dietary quality between preseason and late season, with an increase in fruit exchanges (P = 0.003) and a decrease in fat exchanges (P = 0.019). Increases were also reported in dietary fiber (P = 0.036), iron (P = 0.015), vitamin C (P = 0.029), and vitamin B-6 (P = 0.032).
Iron Status
Indices of iron status are reported in Table 4 . There was a significant albeit small increase in hematocrit (P = 0.014) and Hb (P = 0.046), suggesting no real change in plasma volume from preseason to late season. No changes were observed in transferrin saturation, serum iron, or TIBC with training, whereas iron status improved as reflected by the significant decrease in TfR (P ≤ 0.0001). Although a significant (P = 0.046) reduction in mean serum ferritin concentration was observed, body iron stores (calculated using the TfR and ferritin ratio) increased by 37% from preseason to late season, but this was not significant (P = 0.42). Median values for serum ferritin at preseason and late season were below that of the normal range of values, 12 to 250 µg/L, reported by Jacobs and Worwood (17) . Forty-six percent of the subjects at preseason and 58% at late season had serum ferritin values less than 12 µg/L, considered as iron deficiency. We found no relationship (r values ranged from 0.39 to 0.06, with corresponding P values from 0.13 to 0.83) between performance measures and iron status indices (serum ferritin and TfR). 
Discussion
The authors recognize that swimmers and divers engage in different training regimens and consequently have different levels of energy expenditure. However, the objective of this study was to examine dietary intake, body composition, and iron status of collegiate swimmers and divers. The swimmers and divers were more alike than dissimilar for most of the measurements we obtained, providing a rationale to report results for the team as a whole. We examined the iron indices and nutrient intakes of swimmers and divers separately, but we did not detect any statistical differences. As expected, we did note a couple of differences in body composition between the swimmers and divers as mentioned in our results. Taken together, these results provided a rationale to report their iron indices and dietary intakes for the group as a whole.
Various results have been reported in the literature in regards to the effects of physical training on body composition. A number of researchers have not reported significant changes in body composition (3, 18, 19) , whereas several others have demonstrated a decrease in body fat and an increase in LBM in female swimmers with training (4, 22, 23, 34, 39) . Parizkova (28) reported that regular training generally results in a decrease in body fat and an increase in LBM, quite often without a change in total body mass. Our results are consistent with the latter findings, demonstrating a decrease in body fat mass and an increase in LBM over a 16-wk training period. The literature has reported that the average body fat percentages of female swimmers ranges from 15 to 22% (33) . Although we reported a significant decrease in body fat percentage with training, our results were slightly higher (22 to 24%) than these published values. Further study of body composition changes in relation to dietary habits of collegiate swimmers, particularly after their training regimens have been completed, may provide insights as to why swimmers have higher percentages of body fat than other athletes. The relatively high body percentage fat of swimmers, compared with land-based female endurance athletes, might be beneficial because of its buoyancy. Increased buoyancy likely reduces water resistance (active drag), thus improving swimming economy. As percentage body fat increases above ~ 22%, the increased surface area likely counterbalances the buoyancy advantage. Alternatively, swimmers, as well as other athletes, may self-select into specific sports, making it difficult to determine whether the sport itself induces changes in body composition, or certain body types gravitate to particular sports.
Avlonitou et al. (2) and Meleski et al. (24) have reported lower body fat and greater LBM in the upper extremities of female swimmers compared to age-matched controls. These results illustrate that regional fat and lean distribution are modified according to the training regimen and athletic sport. We are unaware of other studies using DXA to report regional fat and lean distribution in female swimmers. Our results using the DXA showed a decrease in fat at the waist, hip, and thigh, which is consistent with the decrease in waist and hip circumference measurements, as well as a small decrease in body mass with training. Although there was an increase in overall LBM, regional lean mass in the waist, hip, and thigh areas did not increase. Further study of the upper extremities using DXA and skinfold thickness may provide greater explanation of changes in regional fat and lean distribution. Because we were not convinced that regional analysis of conventional whole body DXA scans is sufficiently reproducible, we employed DXA software designed specifically to assess centrally deposited fat and lean tissue. Thus, we analyzed fat and lean tissue composition of the mid-region (waist, hip, thigh) from the whole body DXA scans using this software. Further study of the mid-region using this DXA software, as well as skinfold thickness, may provide greater explanation of change in regional fat and lean distribution.
The energy intake observed in this study (9864 ± 3215 kJ/d, late season) is consistent with that reported from female swimmers in previous studies (32, 38) . The relationship between energy demand and energy intake in female swimmers has consistently demonstrated that they are in negative energy balance (32, 36) . The question that remains to be answered is how total body mass decreases only slightly during a 16-wk period of apparent negative energy balance. Some explanations may include under-reporting of food intake by the female athletes, true under-consumption by the female athletes, or an adaptation to fuel utilization. Trappe et al. (36) reported on the theory of adaptation to fuel utilization or an increase in metabolic efficiency. In studies using doubly labeled water and/or whole body calorimetry in female endurance runners and cyclists, a decrease in energy requirement was an invalid explanation for the negative energy balance. The energy demands of swimming are high, but may be difficult to obtain on the stated reported days. Our subjects kept food records for 3 d, yet they may have consumed considerably more on non-reporting days, reducing the apparent energy imbalance. Under-reporting of food intake is common among female athletes (36) , perhaps providing some explanation for the low reported intake of energy by our subjects. Ballor (3) explains that aerobic training has an inconsistent effect on body mass, because it generally stabilizes at some level for all individuals, particularly when body mass is already at a minimum level. Gender, exercise type and intensity, percentage of fat in the diet, distribution of muscle fiber types, as well as number, type, and distribution of adipocytes play a role in determining the level at which body mass may plateau. Further investigation needs to be conducted in these important areas.
A significant increase in selected nutrients and exchanges shows a shift in dietary quality. This may be due to the nutrition counseling and education that the swimmers received, although a direct link cannot be established because we did not examine change in dietary intake in relation to change in nutrition attitude over time. However, we did note an increase in dietary iron, vitamin C, and vitamin B-6 from preseason to late season. Nonetheless, the Recommended Daily Allowance (RDA) for each nutrient was already being met at preseason. Also, based on their dietary intake, the RDA for each reported nutrient except zinc was met at late season. Although we provided supplements to each athlete, we were not able to verify compliance during the course of the study. Because of this limitation and that the intended purpose of the study did not include determining the impact of high nutrient intakes, such discussion is beyond the scope of this article. Certainly, excessive intake of iron may lead to increased body iron stores, leading to an increased risk for hemochromatosis and other diseases in susceptible individuals (41), but we did not document an excess of body iron stores in these women.
The observed increase in Hb and Hct is not consistent with the hypothesis that physical training may induce iron deficiency. However, the increases in Hb and Hct may not have been biologically important (albeit statistically significant), although the athletes may have experienced slight changes in hydration status with training. Other than assessing Hb and Hct at preseason and late season, we did not assess hydration status per se in these athletes. No improvement was seen in iron status as assessed by serum ferritin. These women had marginal iron status at preseason, but were iron-depleted by late season as reflected by median serum ferritin values below normal. At preseason, 6 of 16 swimmers, and at late season, 8 of 16 swimmers had serum ferritin values < 12 µg. This deficient state is also reflected by the downward shift in values at the upper end of the ferritin distribution, decreasing from 113.5 at preseason to 66.2 µg/L at postseason. This is consistent with previous reports of iron depletion, perhaps due to intravascular hemolysis, in female swimmers (31) . In our small sample size of 16 swimmers, iron status changed from preseason to last season, but was not linked to performance. Perhaps the lack of association between performance (swim time, stroke length) and iron status was that performance improved in most (14 of 16 or 87.5%) of the swimmers, whereas ferritin values inexplicably declined in most (11 of 16 or 68.8%) of the swimmers. However, mean serum transferrin receptor concentration declined (in 15 of 16 swimmers) and body iron stores tended to increase (albeit NS) in our swimmers by late season, indicating an improvement in iron status in at least some of the women. Thus, it is possible that the modest decrease in ferritin may have been due to a training effect, suggestive of some mobilization of iron stores for hemoglobin synthesis. Serum ferritin reflects iron reserves and is hence a better index of iron sufficiency than deficiency and is thus a less reliable indicator of iron status in populations with a high prevalence of anemia (9) . Experts do not recommend using serum ferritin as a single measure of iron status and thus we maintain that body iron stores is a better index of overall iron status (8) . Since a high percentage of our subjects had ferritin values < 12 µg/L, we used the TfR-to-ferritin ratio to determine the effect of training on iron status. One review (12) indicated that the prevalence of low serum ferritin concentration was 37% in female athletes compared with 23% in untrained female controls. However, the prevalence of elevated serum transferrin receptor has not been documented, since this is still a research-based measure.
Serum TfR is a far more sensitive and specific indicator than ferritin in iron deficient populations for assessing iron status because it measures tissue iron availability. An up-regulation of TfR occurs when cells perceive an increased need for iron, allowing the cell to compete more effectively for circulating transferrin-bound iron (1) . The mean value of 5.6 ± 1.2 mg/L for TfR is generally considered normal (9); with iron deficiency it may be elevated to > 8.5 mg/L. Consistent with Hb, Hct, and TfR results, the calculated body iron stores also showed an upward trend, suggesting an improvement in iron status. These results do not fit the hypothesis that the female athlete is at-risk of developing sports anemia due to physical training. Yet, these increases may also be related to the improved dietary intake during the 16-wk training period. Dietary intake of iron and vitamin C, a well-known iron absorption enhancer (10) , increased during the training season. An improvement in iron status also may have been related to the iron-containing multivitamin/mineral supplement use during the 16 wk training period. We provided supplements because many of the swimmers were taking their own prior to preseason and we wanted to ensure that all the athletes would have similar supplement intakes. Compliance to supplement use was self-reported, an inherent limitation of the study, precluding any direct conclusion between supplement use and iron status. Therefore, our results suggest that improving dietary intakes of iron and vitamin C and taking supplements with iron may prevent the anticipated decline in iron status associated with training.
Conclusion
In summary, female collegiate swimmers experienced a decrease in body fat and an increase in lean mass after a 16-wk training season. Dietary quality improved with an increase in dietary fiber, iron, vitamin C, vitamin B-6, and fruit exchanges, as well as a decrease in fat exchanges. Iron status improved with slight increases in Hb, Hct, and a decline in serum TfR. However, an overall improvement in iron status was not evident either because the duration of the study was not long enough to witness restoration of iron stores or our sample size was insufficient given the variability in responsiveness. Further, change in iron status was not correlated with change in performance in these athletes. Additional studies to evaluate body composition and iron status in relation to dietary intake in female collegiate swimmers are warranted.
